Abstract Generalized Fixation-off Sensitivity (CGE-FoS) patients present abnormal EEG patterns when losing fixation. In the present work, we studied two CGE-FoS epileptic patients with simultaneous EEG-fMRI. We aim to identify brain areas that are specifically related to the pathology by identifying the brain networks that are related to the EEG brain altered rhythms. Three main analyses were performed: EEG standalone, where the voltage fluctuations in delta, alpha, and beta EEG bands were obtained; fMRI standalone, where resting-state fMRI ICA analyses for opened and closed eyes conditions were computed per subject; and, EEG-informed fMRI, where EEG delta, alpha and beta oscillations were used to analyze fMRI. Patient 1 showed EEG abnormalities for lower beta band EEG brain rhythm. Fluctuations of this rhythm were correlated with a brain network mainly composed by temporo-frontal areas only found in the closed eyes condition. Patient 2 presented alterations in all the EEG brain rhythms (delta, alpha, beta) under study when closing eyes. Several biologically relevant brain networks highly correlated (r>0.7) to each other in the closed eyes condition were found. EEG-informed fMRI results in patient 2 showed hypersynchronized patterns in the fMRI correlation spatial maps. The obtained findings allow a differential diagnosis for each patient and different profiles with respect to healthy volunteers. The results suggest a different disruption in the functional brain networks of these patients that depends on their altered brain rhythms. This knowledge could be used to treat these patients by novel brain stimulation approaches targeting specific altered brain networks in each patient.
Background
The term fixation-off sensitivity (FoS) was introduced by Panayiotopoulos to denote the forms of epilepsy or EEG abnormalities, or both of them, which appear by elimination of central vision or fixation. FoS is typically found in epileptic patients with other syndromes. Panayiotopoulos distinguished three types of FoS patients with seizures and EEG abnormalities: (a) patients with occipital paroxysms; (b) patients with idiopathic generalized epilepsy (IGE) and photosensitivity; and (c) a rare but Bpure^and distinct clinical form of FoS cryptogenic generalized epilepsy (CGE) (Brigo et al. 2013; Koutroumanidis et al. 2009 ). FoS-related EEG abnormalities can also appear in asymptomatic patients.
Electronic supplementary material The online version of this article (doi:10.1007/s11682-015-9404-6) contains supplementary material, which is available to authorized users.
FoS phenomena seem to depend on variables that modulate the alpha rhythm, playing a potential central role the occipital cortex. But the cerebral mechanisms underlying FoS remain unclear (Koutroumanidis et al. 2009 ). Most of the neuroimaging FoS studies are 'single case' on epileptic patients with occipital paroxysms (the larger FoS syndrome group) (Bittar et al. 1999; Mecarelli et al. 2006; Peca et al. 2010) . However, some findings in single case FoS CGE patients have been also reported suggesting a nexus between the brain networks that generates alpha rhythm and FoS EEG abnormalities detected in MEG studies (Parra et al. 2000a) .
The scarce previous EEG-fMRI findings related to FoS analyzed a single asymptomatic adult (Krakow et al. 2000) and patients with occipital paroxysms (Di Bonaventura et al. 2005; Formaggio et al. 2013; Iannetti et al. 2002) . These studies used mainly a block-design with two conditions: openedeyes and closed-eyes. The EEG data were used to define the start and end of the FoS-related EEG abnormalities during the closed-eyes condition. A more refined EEG-informed fMRI was used by Formaggio et al. (Formaggio et al. 2013) , where the altered brain rhythm in the EEG was extracted by ICA and the subject-specific Hemodynamic Response Function (HRF) was computed prior to the statistical analysis using GLM.
Here, we studied two FoS CGE females with altered delta, alpha, and beta bands. We expect that disruptions in the organization of the fMRI resting brain networks will be associated with the altered EEG rhythms. We also expect to detect differences between patients and healthy control subjects, as well as between both FoS patients, in the spatial and temporal patterns of resting state brain networks (RSNs) found in opened-eyes and closed-eyes conditions. The use of simultaneous EEG-fMRI for the study of FoS epilepsy is ideal, especially because the alteration in brain rhythms of these patients is known and in the case of CGE patients, the origin is unknown. Simultaneous EEG-fMRI is the only technique that can explore the spatial distribution of the brain rhythms oscillations with both, high temporal and spatial resolution, based on the electrical and hemodynamic coupling.
Methods Participants
We studied two FoS CGE females (32 and 18 years). Clinical information was obtained from a structured interview, with special attention to seizure semiology, cognitive status and risk factors for epilepsy. Typical seizures and response to fixation off were studied with prolonged video-EEG monitoring. Results of these evaluations were consistent with a diagnosis of fixation-off seizures.
They presented seizures refractory to medication and no interictal activity with opened eyes (neither hyperventilation nor intermittent photic stimulation induced EEG abnormalities). Their psychomotor development was mildly delayed since infancy and they presented cognitive impairment. The FoS-related abnormal EEG activity after elimination of fixation and the kind of seizure for each patients were the following: (1) Patient 1 had high voltage beta activity (16 Hz) joint to generalized 3 Hz spike-wave predominantly in frontal areas; (2) Patient 2 presented higher power in beta (15 Hz) and alpha (11Hz) activity, and high voltage 3Hz generalized spikewaves (GSW) appeared mainly in left hemisphere. Both patients suffered from absences. However, patient 1 was still replying to stimuli when 3Hz GSWs appeared while patient 2 lost consciousness when GSWs appeared for more than 4 s.
Eight control females (mean age=25.5; SD=6.3) with no neurological diseases were recruited. The local ethical Committee approved the study and written informed consent was acquired from all the participants. One control subject was discarded due to the low quality of data attributable to excessive movement inside the scanner.
Data acquisition
EEG data were recorded using an MR compatible EEG system from Brain Products with characteristics: sampling frequency (fs)=5 KHz, Band-pass Filter (BPF)=0.016-250 Hz-, 5th order 30 dB/oct and 30 channels MR Brain EEG cap. The reference and the ground electrodes were positioned along the central line of the head, between Fz and Cz, and below Oz, respectively. A full synchronization setup was used (Mandelkow et al. 2006; Solana et al. 2014) .
The MRI data a General Electric Signa 3.0 T MR scanner (General Electric Healthcare, Farfield, CT) using a wholebody radiofrequency (RF) coil for signal excitation and an 8-channel brain coil for reception. MRI acquisition included a structural MR protocol including a high-resolution 3D T1-weighting scan, FLAIR and T2 images, performed without the EEG cap and amplifiers from the MR scanner in order to discard anatomical brain lesions.
Simultaneous EEG-fMRI data was acquired with continuous Gradient-Echo EPI sequence (2.4 mm slice thickness, gap between slices= 0.3 mm, 96×96 matrix, FoV=22 cm, TE=28, 4 ms, TR=2.88 s, flip angle 83°, complete frame 36 slices).
Experimental paradigm
The acquisition protocol was divided into two functional parts: (1) EEG outside the scanner and (2) simultaneous EEG-fMRI acquisition inside the scanner.
Two minutes of opened-eyes and 2 min of closed-eyes epochs were recorded outside the scanner. Also, three cycles of 40 s alternating 20 s blocks of opened-eyes and closed-eyes conditions were recorded.
Three EEG-fMRI series were performed: resting state (rs) under (1) opened-eyes and (2) closed-eyes (120 vol. each) conditions, and (3) a block design of opened-eyes and closed-eyes with five cycles; consisting on 40 s cycles composed by 20 s alternating opened-closed eyes epochs (70 vol., 5 cycles). The subjects were instructed to be relaxed without moving the eyes for both states, closed or opened eyes, and not to fall asleep when in the closed eyes condition.
Data preprocessing
EEG data outside the scanner was down-sampled to 500 Hz and band-pass filtered (0.5-70 Hz). Also, an ocular correction using ICA was applied to the opened eyes epoch and the block-design opened-closed epochs.
MR related EEG artifacts were removed using Brain Vision Analyzer 2.0 using the average artifact subtraction (AAS) method (Allen et al. 2000) for gradient artifact removal and ICA to minimize the pulse-related artifact (PA). In addition, ICA was used for correction of blink artifacts for the opened eyes epoch and the block-design opened-closed epochs (Srivastava et al. 2005) .
The preprocessing of the fMRI data was performed using FSL software package (FMRIB Software Library www.fmrib. ox.ac.uk/fsl). The EPI images were realigned using McFLIRT algorithm, slice-timing corrected, high-pass filtered (100 s for the resting state series and 80 s for the block-design series), and subtracted the skull using BET tool. Next, images were co-registered to the individual 3D T1 structural image, normalized to the MNI152 2 mm phantom and smoothed using a 6 mm FWHM (Full-width at Half Maximum).
Data analyses

EEG standalone
Band by band EEG power oscillations were calculated for all opened-eyes and closed-eyes conditions. We calculated an index of Global Spectra Power using the Root Mean Square (RMS) (Jann et al. 2009; Michels et al. 2010 ) across the scalp (taking all the 31 EEG electrodes) from three bands of interest -alpha (8-12 Hz), delta (2-4 Hz, in order to capture the 3Hz activity that appears in the patients under study) and beta (13-30 Hz), subdivided in subbeta1 (13-18 Hz), subbeta2 (18-23 Hz) and subbeta3 (24-30 Hz) for each corresponding fMRI sequence and for the data outside the scanner using Matlab R2010a. EEG signal was segmented into 2.88 s (TR of fMRI) and a Fast Fourier Transform (FFT) was calculated for each Fig. 1 RsfMRI standalone ICA analysis diagram. The first analysis consisted of a Temporal Concatenation Group ICA using all rsfMRI series from the control subjects (orange). The second analysis was a subject-by-subject single-ICA using the concatenation of Opened-closed rsfMRI concatenation (blue). Input data matrix to ICA algorithm; spatial maps and representative timecourse from ICA; correlation of IC timecourses (only for second ICA analysis); and, visual exploratory of the spatial maps are depicted for both kind of ICA analyses segment per channel. Last, the RMS per band of interest was calculated, obtaining a RMS time series with the same number of points than the number of volumes of each fMRI sequence.
rsfMRI standalone: ICA analyses Independent Component Analyses on the resting-state fMRI series were computed using Multivariate Exploratory Linear Optimized Decomposition into Independent Components (MELODIC) (Beckmann and Smith 2004; Martinez et al. 2013 ) toolbox in FSL. Here, two types of fMRI standalone analysis were performed, which differed in the initial input data matrix.
Figure 1 includes step-by-step of the ICA analyses performed.
First, a group ICA over the rsfMRI series from the control subjects (n=7) under two conditions (opened-eyes and closedeyes) was obtained by a Temporal Concatenation Group ICA ( T C -G I C A ) a n a l y s i s . T h e i n p u t m a t r i x h a d n voxels *(n conditions *n subjects *n Volumes ) dimensions equals to n voxels * (2 conditions *7 subjects *120 Volumes ) dimensions in our case. The outputs from this TC-GICA were 25 Independent Component (IC) spatial maps, which were used to identify large-scale resting state networks (Damoiseaux et al. 2006; Martinez et al. 2013; Smith et al. 2009 ).
Second, the temporal differences between opened-eyes and closed-eyes resting-state networks per subject were analyzed using single-ICA. To achieve this, a single Independent Component Analysis was performed per subject (patients and controls). Here the input matrix per subject had n voxels *(n conditions *n Volumes ) dimensions equal to n voxels *(2 conditions *120 Volumes ) dimensions. The outputs from this single-ICA were 25 Independent Component (IC) spatial maps per subject and their respective whitened representative time series. Next, each IC timecourse was split into opened-eyes and closed-eyes timecourses and the Pearson correlation was obtained between each pair of IC timecourses within each condition independently. It is worth noting that ICA, in contrast with PCA, aims to minimize the gaussianity of the signals (kurtosis, mutual information…) but the obtained independent components are not necessarily orthogonal between them like in PCA. Finding correlation between two IC timecourses would mean that those brain areas have hemodynamic responses that oscillate synchronously in case of ICs representing functionally relevant resting state networks. For noisy ICs that would mean that those two related ICs contain influence of the same source, such as respiratory or cardiac signals for example. The ICs timecourses showing correlations greater than 0.7 [p<0.001] were considered significantly correlated.
In both fMRI analyses, the 25 ICs were sorted into two broad classes: biologically relevant components, and scanner/physiological artifactual components following the criteria purposed by Kelly et al. (Kelly et al. 2010; Martinez et al. 2013) .
Patient 2 suffered from an absence seizure after the first 4 min during the resting-state series with eyes closed. We only analysed the first 80 volumes of this subject in order to study the non-seizure activity as in the patient 1. In order to take the same number of volumes from open and close eyes, 80 volumes were extracted from the open rsfMRI prior the concatenation, obtaining 160 volumes instead of 240 volumes.
EEG-fMRI Analyses: EEG-informed fMRI
EEG regressors for the fMRI analyses were calculated using the RMS time-series convolved with the Canonical HRF (MatlabR2010a and SPM8) (Jann et al. 2009; Michels et al. 2010) .
First level statistical analyses were performed using a General Linear Model (GLM) approach using a Multiple regression design per condition (3 conditions: opened-eyes, closed-eyes, and opened-closed eyes fMRI series independently) per subject and per EEG band. The statistical analyses were considered significant for p<0.05 (FWE-corrected, cluster 10). These EEGinformed fMRI analyses allowed us to obtain each subject's brain areas that show BOLD signal oscillations synchronized with band-specific EEG RMS power oscillations.
Assuming the same spatial distribution for each EEG band and condition within the control group, a group-level one-sample t-test was conducted using the FSL tool 'randomize'. The model tested, at each voxel in the image, where the couplings between both types of signals (fMRI fluctuations and EEG power band oscillations) were nonzero. We obtained a statistical map (p values) per band (5) and condition (3), which were used as gold standard for finding potential disruptions in patients 1 and 2. We considered statistically significant the uncorrected p<0.005 (cluster size 10), since any statistical contrast passed TFCE-based permutations to correct for multiple comparisons, probably due to the high intra-subject variability of this EEG-informed fMRI relationships Mantini et al. 2007 ) and the small sample size (Martinez et al. 2013) .
A complete preprocessing and analysis pipelines are shown in Electronic supplementary material.
Results
Detailed profiles from the healthy subjects and from each patient contain the main EEG stand-alone, fMRI standalone and EEG-informed fMRI findings. The EEG standalone results provide information about the changes in the EEG rhythms attributable to the different state in closed compared to opened eyes. The fMRI stand-alone results are used to delineate the temporal dynamics of the resting state networks in opened and closed eyes conditions. EEG-informed fMRI will provide information about the relationship between the EEG signatures and the fMRI data.
Healthy subjects profile as 'gold standard'
EEG standalone results
Top row of Fig. 2 shows the opened-closed epochs (block design) obtained from one typical control subject inside (5 cycles) and outside the scanner (3 cycles). As observed in the RMS time-series, alpha band tended to increase its RMS value when eyes are closed.
fMRI standalone results
Eight biologically plausible resting networks, which have been consistently reported in the literature as supporting specific brain functions (Beckmann et al. 2005; Damoiseaux et al. 2006; Zuo et al. 2010) , were retained as gold standard RSNs. Figure 3 shows the eight ICs retained, which have been consistently reported in the literature as supporting specific brain functions. Spatial maps, representative timecourses and power spectrum profiles corresponding to the 25 group independent components (IC) derived from the temporal concatenation of the rsfMRI, both opened and closed eyes conditions, were visually inspected to select these functionally relevant networks
For the second ICA analysis, we observed low-frequency timecourses for both opened and closed eyes for all the identified RSNs per subject. We found that these independent components significantly correlated (r>0.7, p<0.001) were identified only noise ICs, regardless of the condition considered. The resulting correlation matrices for both conditions (opened-eyes epochs = first 120 points on each IC time-course; closed-eyes epochs = last 120 points on each IC time-course) in one typical healthy subject (ID=1) are shown in Fig. 4 . Also, it includes the spatial maps, timecourses and power spectrum profiles for two representative noisy components.
Simultaneous EEG-fMRI results
Finally, the information from EEG and rsfMRI was combined through an EEG-informed fMRI approach. For the control group, first for each individual subject each EEG-RMS voltage oscillations per EEG band of interest were used as variable of interest in a GLM model that was applied voxel-wise This resulted in statistical maps indicating which voxels show more correlation with each EEG-RMS oscillations per condition. Then, the individual results were combined in a second level group analyses (one-sample t-test) to obtain which voxels of the brain were significantly correlated with each individual EEG band (5) for each condition (3) at group level. The results were considered significant at p<0.005 and cluster size 10 and are shown in Fig. 5 .
In general, the EEG-RMS voltage fluctuations produced more negative correlations with the BOLD signal than positive. The results observed in the closed-eyes condition for alpha had a clearer pattern with negative correlations mainly in parietal lobe and positive in cerebellum and different medial temporal lobe structures including the hippocampus. The same areas but with different extensions for positive and negative correlations were found for opened-eyes condition. For the opened-closed eyes condition for alpha showed mainly negative correlations in occipital cortex as could be expected. Also, the results between the maps for beta2, beta3, and delta for the different show similarities, above all, in temporal lobe including hippocampus (See Table 1 in Supplementary material). Figure 2 shows the opened-closed epochs inside the scanner from the block design for both patients (middle and bottom row). Also, the data coming from the analogous analysis obtained outside the scanner for patient 2 is shown (patient 1 data was not available due to a problem with the recording system). For patient 1 the band that increased the RMS value when closing eyes was subbeta1, whereas for patient 2 all the analyzed bands increased the RMS value when closing eyes. Additionally, for patient 1 only subbeta1 and subbeta2 were significantly related (r>0.8, p<0.001), while for patient 2 all the considered bands had correlation values higher than 0.9 (r> 0.9, p<0.001).
Disrupted profiles for two FoS CGE patients
EEG stand-alone results
fMRI standalone results
The same resting networks reported in the literature and in our study were identified for the opened-closed eyes concatenation single ICA in the patients. However, an attentional network (Fig. 6) was altered in both patients in terms of differentiable time profile and/or spatial distribution for the conditions considered (opened and closed eyes). For patient 1, one of the independent components showed a time profile - Fig. 6 (middle row) -with low-frequency oscillations that only appeared with closed eyes. The related IC spatial map showed parietal, temporal and frontal areas, previously found as related to top-down and bottom-up attentional processes. Note that, for patient 2, this attentional network was more similar to the only-closed eyes network detected in patient 1 than to the control group, but low frequency oscillations appeared for both opened and closed eyes in this case. The results derived from the correlation analysis between IC-timecourses for opened-eyes and closed-eyes epochs independently showed significant correlations only among noisy components in both conditions for patient 1 (like in the control group). However, for patient 2 we obtained significant correlations among biologically relevant ICs only in closed-eyes segment (Fig. 7) . Specifically, the visual network (IC15) was statistically correlated (r>0.7, p<0.001) with the left frontoparietal networks (IC8) and with the occipital-cerebellum network (IC25). The motor network (IC16) was statistically correlated (r>0.7, p<0.001) with an attentional network (IC19).
OPENED-CLOSED EPOCHS INSIDE THE SCANNER (5 CYCLES)
Simultaneous EEG-fMRI results
The combined EEG-fMRI results for patient 1 are shown in Fig. 8 (and also revise Table 2 in the Electronic Supplementary material). For this patient, no statistically significant results were found for subbeta2 and subbeta3 for the opened-closed condition. The first important finding of the EEG-informed fMRI is related to the disrupted EEG rhythm in this patient. When closing eyes, the subbeta1, convolved with the canonical HRF was correlated positively with BOLD fluctuations in frontotemporal areas for the closed eyes resting-state fMRI serie. The activation map highly resembled the only-closed eyes brain network obtained for this patient using the fMRI-standalone ICA analysis (Fig. 6-middle row) . Fig. 9 shows the overlap between these two spatial maps.
The EEG-informed fMRI findings for patient 2 are also shown in Fig. 8 (and also in Table 3 in the Electronic Supplementary material). We found that the spatial map obtained for delta, alpha, and subbeta1 highly resembled each other for the opened-eyes results only differing in the extension of the clusters including significant results. Furthermore, for the closed-eyes and the opened-closed eyes conditions all the rhythms shared the same spatial map. This finding is coherent with the fact that all the rhythms spectral oscillations showed high correlation in the EEG analysis (Fig. 2) .
Some similarities were found between both patients and the control group results for the opened-eyes condition. For instance, we found negative correlations in precuneus for alpha oscillations and in temporal lobe for alpha oscillations. These Fig. 2 The opened-closed epochs (block design) obtained from one typical control subject (ID=1), for patient 1 and for patient 2 inside (5 cycles, 3:20 min) and outside the scanner (3 cycles, 2 min) for the same control subject and patient 2. The RMS value per each segment of 2.88 s (corresponding to the TR of the fMRI scan) is shown for delta, alpha, and beta (subbeta1, subbeta2, subeta3). For reference, at the bottom, EEG activity of patient 1 inside the scanner after artifact correct (left) and outside the scanner (right). The same beta activity and 3Hz spike-wave burst can be identified in both EEG traces Fig. 3 Visually identified group-level components obtained by temporal concatenation group independent component analysis (TC-GICA). Sagittal and axial views (showed as x and z according to MNI152 standard space) of these eight functionally relevant group-level ICs are displayed according to neurological convention (right on right). The zstatistic map legend for all networks is shown in the right side (z>2.3) similarities were statistically significant as demonstrated by Fisher's tests (Patel and Read 1996) for comparing correlations or slopes in small samples (p>0.01). These findings suggest that with opened-eyes, patients and healthy participants have more similar distribution of the brain networks. Thus, the disruptions appeared with the closure of eyes, what it is coherent with the characteristics of CGE FoS semiology.
Discussion
Here, the obtained results will be discussed in terms of: (1) similarities and differences between the studied patients and their potential clinical meaning according to their diagnosis and the available evidence, and between both patients and the healthy control group; 2) with respect to previous literature.
The main findings for patient 1 are: 1) the lower beta band EEG brain rhythm (subbeta1) is affected by increasing its spectral power when the patient closed the eyes; 2) from the fMRIstandalone analysis, a brain network mainly composed by temporo-frontal areas is only found in the closed eyes condition; and, 3) this latter brain network was obtained when correlating subbeta1 EEG RMS spectral power oscillation with the fMRI fluctuations in the combined EEG-fMRI analysis. These results made us hypothesize that closing eyes in patient 1 generates an increased subbeta1 EEG power and this activity is reflected in brain areas related to attentional processes, what might be eliciting the partial loss of consciousness in this patient. On the other hand, the main findings for patient 2 are: 1) when this patient closes the eyes all the EEG brain rhythms (delta, alpha, beta) under study increase their spectral power; 2) the representative timecourses of several biologically relevant brain network (network ICs), identified in the fMRI standalone analysis, are highly correlated (r>0.7) to each other in the closed eyes condition; and, 3) the EEG-informed fMRI results in patient 2 showed positive and negative activation in several brain areas related to high-level cognitive processes. We hypothesize that the hypersynchronisation shown by all the analyses in patient 2 might be explaining the appearance of absences after some seconds of this Fos-related abnormal EEG activity.
Generally speaking, our findings suggest that both patients and healthy subjects differ in their EEG and fMRI profiles. Also, patient 1 and patient 2 show differences among them.
First, the brain rhythms that react increasing spectral power in closed-eyes condition are not the same for controls, patient 1 and patient 2. Alpha increases for the control subjects, subbeta1 for patient 1 and all the brain rhythms for patient 2.
Second, in coherence with previous reports (Feige et al. 2005; Zuo et al. 2010) we found that, in healthy control, there is a substantial overlap among conditions (opened and closed eyes) in the brain areas that are correlated on each EEG band spectral timeseries. In contrast, a temporo-frontal network appeared only for closed eyes in patient 1. Furthermore, the correlations between the representative timecourse of several biologically relevant brain networks obtained by ICA are not statistically significant (with a threshold of r>0.7) in our control group, which it is consistent with findings in the field (Wu et al. 2010) . However, for patient 2 we have found six functional networks highly correlated in their timecourses what made us hypothesize that this is an abnormal pattern of hypersynchronization that can finally lead to absences.
Third, the correlation patterns between the brain rhythms and the fMRI resting networks for the two epileptic patients differ compared to the healthy adults. According to our results, the auditory network and an attentional network are moderately correlated with the beta, delta and delta rhythms, which is in the direction of other reported findings (Laufs 2008; Mantini et al. 2007 ). However, for patient 1 a network including regions of these two is strongly correlated with the beta band, mainly with subbeta1 for the closed-eyes condition. Also, for patient 2 positive correlations with all the rhythms appear, involving brain areas related to the Default Mode Network (DMN) and the attentional network (occipital, parietal, and frontal areas). These same areas have been found negatively correlated with alpha and beta in control subjects (Laufs 2008; Mantini et al. 2007 ). This result is not surprising taking into account that this patient has absences related to 3Hz-spike and waves discharges, which have been related in the literature with deactivation of default mode network (Chaudhary et al. 2013) . It is also interesting to mention that the pattern of correlations in opened eyes rsfMRI series for both patients are pretty similar to those found for the control group. This trend suggests that alterations in both patients are highly dependent on the resting state (closed eyes, opened eyes, and fixation).
Studies regarding the influence of the resting condition have showed that the same brain areas are correlated with alpha for opened eyes and closed eyes but in a lesser extent for the opened eyes resting condition (Feige et al. 2005; Wu et al. 2010) . Additionally, the influence of resting state condition seems to be more reliable for opened eyes and fixation (Patriat et al. 2013 ). This evidence suggests that the alpha rhythm in the different resting conditions may be modulated by different physiological states (Feige et al. 2005; Zuo et al. 2010) . In our study, we have found that positive correlations with the EEG bands appear in a lesser extent for opened eyes condition compared to the closed eyes condition. However we have also found similar, widespread and stable negative correlation with the brain rhythms for the opened-eyes and closed-eyes conditions, above all, with beta for the statistical group analysis in the healthy participants.
We have found consistencies with previous studies in CGE FoS patients. First, the hypersynchronization in patient 2 can be related to the result in a similar patient (female with myoclonias and absences) who showed an extremely short cortical silent period in a TMS study (Strigaro et al. 2011) . Interestingly, both CGE FoS patients in our study presented negative activation of the thalamus for beta brain rhythms and patient 2 also for delta instead of positive correlations with alpha rhythms as control healthy adults (Feige et al. 2005; Goldman et al. 2002; Laufs 2008; Mantini et al. 2007 ). This latter finding is coherent with prior research with CGE Fixation-off patients, where it was suggested that alpha rhythm and FoS-related brain rhythms could have different generators for the same thalamocortical network (Parra et al. 2000b) .
On the other hand, studies about EEG-informed fMRI have shown that healthy adults present a different coupling strength between the EEG power and the BOLD signal depending on the examined frequency band, the methodology used and the resting state condition (Laufs et al. 2003; Laufs 2008; Mantini Wu et al. 2010; Yuan et al. 2012 ). These studies have also suggested that the activity in one cognitive network cannot be related to the electrical fluctuations in only one band, as the behavior of only one neuron exhibit a complex dynamic activity including multifrequency activity (Laufs 2008; Mantini et al. 2007 ). This behavior is replicated in our results from the control group where complex correlation spatial maps were found for each different EEG rhythm with overlapped brain areas among these activation maps. Several methods have been proposed to overcome these limitations of EEG-informed fMRI analysis for studying resting state relationship between brain rhythms and functional brain networks (Fig. 3 middle row) and subbeta1 activation map in EEG-informed closed-eyes rsfMRI series (greenblue) (z>2.3, slices are displayed according to the neurological convention from fMRI: a) to study individual frequency bands in the EEG power spectrum (Klimesch 1999; Michels et al. 2010) , b) to analyze EEG microstates (Yuan et al. 2012) , c) to obtain specific EEG patterns using ICA (Formaggio et al. 2013); to use parallel ICA approaches (Wu et al. 2010) . Instead of predefined EEG band frequencies in an EEG-informed fMRI approach.
Conclusion
Simultaneous EEG-fMRI measurement in two patients diagnosed to suffer FoS CGE epilepsy has been successfully applied given more insights about the physiopathology of these patients and a differencial diagnosis between them. From the results obtained here, we suggest that the alteration of EEG brain rhythm found in FoS CGE patients is related to disruptions in functionally relevant spontaneous brain activity. These different brain networks that appear disrupted and related to the physiopathology of these patients could be also used in the development of brain stimulation strategies, like Transcranial Magnetic Stimulation (TMS), trancranial Alternate Current Stimulation (tACS), transcranial Direct Current Stimularion (tDCS) or deep brain stimulation treatments that can potentially reduce, control, or fully eliminate their seizures.
